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We report microscale friction experiments for diamond/metal and diamond/silica contacts 
under gigapascal contact pressures. Using a new nanoprobe technique which has sufficient 
dynamic range of force and stiffness, we demonstrate the processes involved in the transition 
from purely interface sliding at the nanoscale to the situation where at least one of the sliding 
bodies undergoes some plastic deformation. For sliding of micrometer-scale diamond spherical 
tips on metallic substrates, additional local plastic yielding of the substrate resulting from 
tangential tractions causes the tip to sink into the surface, increasing the contact area in the 
direction of loading and resulting in a static friction coefficient higher than the kinetic during 
ploughing. This sink-in is largely absent in fused silica, and no friction drop is observed, along 
with lower friction in general. The transition from sinking in within the static friction regime 
to ploughing in the sliding friction regime is mediated by failure of the contact interface, 
indicated by a sharp increase in energy dissipation. At lower contact pressures, the elastic 
interfacial sliding behaviour characteristic of scanning probe or surface force apparatus 
experiments is recovered, bridging the gap between the exotic realm of nanotribology and 
plasticity dominated macroscale friction. We delineate the material and geometric factors 
which determine the transition. We also find that some unexpected light is cast on the origins 







In classic literature on the sliding of solids at the macroscale,[1]–[3] plastic yielding and thus 
hardness plays a crucial role in our understanding of the origins of friction. It is directly 
involved in the relation between true contact area and load on real surfaces, which in turn 
explains general friction coefficients. It strongly affects wear processes, including in creating 
the run-in state,[4] and it provides a quantitative mechanism of energy dissipation in friction.[5] 
The more recent development of nanoscale mechanical probes has enabled investigation of 
contacts similar in scale to the individual asperities which underly macroscopic sliding 
friction.[6], [7] This has elucidated the mechanisms of energy dissipation which occur directly 
at the interface or in thin film lubricants and may not necessarily involve wear.[8], [9] However, 
until now, limitations of both the apparatus and the scale of atomistic simulations has meant 
that almost all nanotribology studies involve planar or near-planar interfaces and idealised 
geometries which are also largely unmodified by the sliding process. Generally speaking, such 
studies do not address plastic deformation mechanisms such as dislocation motion, albeit with 
some exceptions.[10], [11] It is therefore currently difficult to connect insights from 
nanotribology studies to friction at the larger scale and to the plasticity involved in a great many 
applications. 
 Laboratory single asperity contacts are often taken as representative, if somewhat idealised, 
analogues for the points of contact on macroscopic mating surfaces, where due to roughness, 
the true contact area is limited to a miniscule fraction of the apparent contact area.[12] 
Experimental issues such as low support frame stiffness and inter-axial coupling in surface 
force apparatus and scanning probe microscopy studies[6], [13] have made it extremely 
challenging to achieve in these experiments the high normal contact pressures and plastic 
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deformation common to asperities on real engineering surfaces. Uncertainties in tip shape and 
contact area in the latter technique further cloud the picture.[14] As such, the role of plasticity 
in small scale friction and how it interacts with interfacial phenomena such as surface 
corrugation or adsorbed surface layers is not well understood. This is particularly true of the 
early stages of lateral loading when the contact transitions from static to kinetic friction, with 
most studies focusing rather on the less transient steady ploughing/grooving regime for 
simplicity.[10], [15], [16] Further, a sharp distinction has been often been drawn between the 
interface or surface dominated friction and wear and plasticity dominated friction which may 
not be reflective of the true behaviour of microscopic contacts, especially in the presence of 
the surface adsorbed layers found in real contacts outside ultra-high vacuum. [17] 
Across a broad range of length scales and material types it is observed that the force required 
to initiate relative sliding between two bodies in contact is greater than the force required to 
maintain it, i.e., the static coefficient of friction 𝜇𝑠 is greater than the kinetic coefficient 𝜇𝑘.[1], 
[3], [18] At the microscopic, single asperity level, the lateral force needed to shear a junction 
and initiate sliding can be written in terms of the contact area of the junction 𝐴𝑐 and an 
interfacial shear strength, 𝜏0, via: 𝑄𝑠ℎ𝑒𝑎𝑟 = 𝜏0𝐴𝑐.[1], [7], [9] Within this framework, the 
friction drop from 𝜇𝑠 to 𝜇𝑘 is often  interpreted in terms of frictional ageing: as the two bodies 
are held in contact prior to lateral loading, chemical bonding may occur across the interface 
which, along with molecules interlocking and taking new equilibrium positions, raises 𝜏0 and 
increases the quality or shear strength of the contact.[19], [20] Independently, time-dependent 
plasticity and creep may increase 𝐴𝑐 over longer time periods, thereby raising 𝑄𝑠ℎ𝑒𝑎𝑟 and 𝜇𝑠 
above their values during sliding.[21], [22] 
In this work, we use a newly developed dual-axis load-controlled nanoindenter[23] to apply 
GPa normal pressures to single asperity contacts with contact radii 𝑎𝑐 ranging from several 
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hundred to several thousand nanometres, i.e., contacts that are about a micrometer in 
dimension. Several interesting observations are made on the nature of static friction for these 
plastically deforming contacts. First, we note the static friction maximum for diamond/ductile 
metal contacts coincides with significant sinking in of the tip into the substrate due to additional 
local plastic deformation during sliding. This sink-in is greatly reduced in more plastically-
resistant fused silica substrates, in which no static friction maximum is observed, indicating 
local plastic deformation and sink-in is largely responsible for the friction drop from 𝜇𝑠 to 𝜇𝑘 
in more ductile materials. We examine this plastic sinking in of the tip under two frameworks: 
first Tabor’s junction growth model[24], [25] for purely ductile materials wherein the addition 
of lateral load produces a multi-axial stress state that causes further plastic yielding, and 
second, for higher yield strain materials, there is an asymmetry of stress across the contact due 
to the more significant elastic component of strain.[26] This leads to stress concentration and 
hence deformation in the direction of the lateral load on the front side of the sliding tip and a 
reduction at the rear.[26], [27] We find both models have applicable regions, their extent 
depending on the contact geometry and elastic modulus to hardness ratio of the substrate. We 
show that the transition from static to kinetic friction for plastic contacts coincides with the tip 
ceasing to sink in and beginning to rise out of the substrate, before achieving an essentially 
constant depth during steady ploughing and grooving. A rapid increase in dissipative energy at 
this point suggests the transition is facilitated by failure of an interfacial layer. Finally, we show 
that at sufficiently low normal loads, our experiments re-capture the essential physics of 
traditional wearless single asperity studies, indicating that the elastic and plastic friction 
domains are not as separate as is sometimes assumed. 
 




Lateral loading friction experiments were carried out using the Gemini (Nanomechanics Inc, 
TN, USA) dual axis nanoindentation system. The instrument consists of two independent i-
Micro load actuators and is capable of applying loads of up to 50 mN simultaneously in the 
normal and lateral directions. The actuators are connected to the indenter tip by means of two 
glass slides of approximately 1.5 cm length and 0.5 cm width that join at a special tip mounting 
block. The lateral frame stiffness of the instrument was measured as 105,000 N/m, as was 
described previously,[23] and is treated as a one dimensional spring in series with the contact 
so as to obtain true displacement of the tip through the substrate. The vertical frame stiffness 
is approximately 106 N/m. All initial indents were performed at constant 
𝑃?̇?
𝑃𝑧
= 0.1 𝑠−1  to a 
prescribed normal load prior to lateral loading. This normal load was then held constant 
throughout the duration of lateral loading/unloading. In order to apply a lateral load 𝑄𝑥 to the 
contact, a lateral force 𝐹𝑥 was applied via the horizontal load actuator at a constant rate of 0.25 
mN/s. 𝐹𝑥 and the resultant 𝑄𝑥 are related at any time point via 𝑄𝑥 = 𝐹𝑥 − 𝑘𝑥(𝑑𝑥 − 𝑑0), where 
𝑘𝑥 is the stiffness of the column of the lateral actuator, equal to approximately 540 N/m,  𝑑𝑥 is 
the present lateral position of the tip as measured via the lateral capacitance gauge, and 𝑑0 is 
the lateral position immediately prior to the application of 𝐹𝑥. Within the static friction domain 
where lateral displacements are small, 𝐹𝑥 and 𝑄𝑥 and their loading rates 𝐹?̇? and 𝑄?̇? are 
approximately equivalent; however, in the kinetic friction regime, significant divergence 
emerges as 𝑑𝑥 grows large and the stiffness of the contact becomes low enough to be 
comparable to 𝑘𝑥. Contact stiffnesses in both directions are measured via the continuous 
stiffness method (CSM),[28] with each actuator equipped with a dedicated lock-in amplifier. 
The fused silica and polycrystalline aluminium samples used in this work were supplied as 
reference materials accompanying the nanoindenter via Nanomechanics Inc. The single crystal 
nickel sample was purchased from Surface Preparation Laboratory, Zandaam, NL and 
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mechanically polished to a mean roughness of less than 5 nm. All three indenter tips used in 
this work were supplied by Micro-Star Technologies, Huntsville, TX, USA. 
 
3. Results and Discussion 
 
3.1 Friction of single asperity plastic contacts. 
 
Fig. 1a shows the essential contact geometry as modeled and experimentally studied here using 
the two axis nanoindentation system.[23] A normal load 𝑃𝑧 on the order of a few mN is applied 
to a 1 micron radius sphero-conical diamond tip, sufficient to indent the substrate and produce 
significant plastic deformation in soft metals. 𝑃𝑧 is then held constant throughout the remainder 
of the experiment. A lateral force is then applied via a second actuator connected to the tip and 
oriented orthogonal to the surface normal, resulting in a lateral load 𝑄𝑥 applied to the contact 
which continuously increases at 𝑄?̇?~0.25 mN/s prior to kinetic sliding/ploughing (see methods 
for full discussion). The vertical and lateral displacements of the tip into the surface, 𝛿𝑧 & 𝛿𝑥, 
are monitored continuously, while the vertical and lateral contact stiffnesses, 𝑆𝑧 & 𝑆𝑥, are 
measured by superimposing small dynamic oscillatory loads onto the quasi-static loads via the 
continuous stiffness method commonly employed in nanoindentation.[28], [29] These dynamic 
loads are typically 2% of the magnitude of the quasi-static load signal, that is, sufficiently small 
so as to introduce no significant change in the overall contact mechanics.[30], [31] From 𝑆𝑧 
and known elastic constants, the contact area 𝐴𝑐 and radius 𝑎𝑐 can be inferred during normal 
loading.[32] Typical radii prior to applying 𝑄𝑥 are  𝑎𝑐 ~ 500 nm for the contacts considered 
here. In Fig. 1b, we plot 𝛿𝑥 versus the friction coefficient 𝜇 = 𝑄𝑥 𝑃𝑧⁄  for three substrate 
materials: a single crystal nickel <111> surface (ScNi), polycrystalline aluminium (PcAl), and 
fused silica (FS). All samples are loaded normally to an initial depth of 𝛿𝑧0 = 200 nm, 
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corresponding to mean contact pressures of 2.72, 0.48, and 10 GPa, respectively. We note the 
diamond tip is sufficiently hard when compared to the sample materials that we may assume 
all plastic deformation is limited to the substrate.[33] Analysing the friction curves, we see the 
diamond/metal contacts are distinguished from the diamond/silica contact not only by 
significantly higher 𝜇 throughout the experiment, but also by a 𝜇𝑠 peak that is higher than the 
𝜇𝑘 during ploughing. Examination of the tip depth 𝛿𝑧 during lateral loading in Fig. 1c shows 
that for the metals, significant sink-in occurs in the “static” friction portion of the curves prior 
to ploughing, with 𝛿𝑧 increasing by approximately 100 nm for PcAl and 120 nm for ScNi. That 
the maximum in 𝛿𝑧 in Fig. 1c occurs concurrently with the 𝜇 maximum in Fig. 1b suggests this 
tip sink-in is strongly influencing the 𝜇𝑠 peak in the metals. Conversely, for the diamond/silica 
contact, the sink-in is much smaller, around 20 nm or 10% of the initial tip depth, and no 𝜇 
maximum can be identified in Fig. 1b, i.e., 𝜇𝑠 = 𝜇𝑘. In Fig. 1d, we displace a ScNi contact by 
200 nm laterally and then unload, showing the displacement preceding the 𝜇𝑠 maximum is 
permanent, inelastic, and irrecoverable. Fig. 1e shows the accompanying sink-in is similarly 
irrecoverable, while Figs. 1f & 1g repeat the experiment for the diamond/fused silica contact, 
with the 200 nm lateral displacement producing a much smaller sink-in of ~ 10 nm, in keeping 






Figure 1. Friction behaviour of plastic single asperity contacts (a) Sketch of the contact geometry 
considered here. (b) Lateral friction curves (δx - μ) curves into the single crystal nickel, polycrystalline 
aluminium, and amorphous fused silica samples probed here. (c) Vertical tip sink-in depth 𝛿𝑧 as a 
function of the lateral displacement 𝛿𝑥. The maxima in 𝛿𝑧 match well with the maxima in 𝜇 in (b), 
indicating junction growth plays a significant role in static friction. (d) Lateral load 𝑄𝑥 versus 
displacement 𝛿𝑥 curves for the nickel sample. The red curve loaded to 𝛿𝑥 = 200 nm shows lateral 
displacement in the ‘static’ friction regime is irreversible. (e) Vertical sink-in of the tip for the same 
experiment. Again, a large irreversible deformation is observed. (f), (g) Equivalent curves for fused 
silica.  
 
It is our assertion that the irrecoverable sinking-in of the indenter tip under combined loading 
conditions is responsible for the high static friction seen in the diamond/metal contacts, with 
the amount of sink-in determining how high 𝜇𝑠 becomes. The addition of the lateral load 𝑄𝑥 
raises the total shear stress within the contact, and, given that our substrate materials are already 
deforming plastically under the normal load alone, must result in further yielding, which 
manifests as tip sink-in. For the harder fused silica substrate, the low elastic modulus to 
hardness ratio 𝐸 𝐻⁄ ~ 8 limits the amount of ductile yielding and additional sinking-in that 
occurs, resulting in lower friction than the metals, where 𝐸 𝐻⁄ ~ 100. Combined with 
additional pile-up at the front of the tip, this sink-in leads to an increase in the contact area at 
the front of the tip and more substrate material to displace, resulting in greater resistance to 
sliding and a higher coefficient of friction. 
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To verify this hypothesis, in Fig. 2 we examine the residual deformation left in the substrate at 
various stages of the friction curve for the diamond/ScNi contact. Fig. 2a replots the original 
friction curve seen in Fig. 1b, along with three separate indentation/lateral loading experiments 
where the nickel is laterally loaded to 𝑄𝑥 values lying within the static friction/sink-in regime, 
again initially under 2.72 GPa normal pressure. Test (i) considers a 𝑄𝑥 small enough that the 
lateral response is essentially elastic, with minimal developed residual displacement. Test (ii) 
is loaded to a 𝑄𝑥 where there is significant irrecoverable lateral displacement, and finally test 
(iii) is loaded to a 𝑄𝑥 corresponding to the peak friction value at 𝜇 ~ 0.6. Fig. 2b shows residual 
deformation maps of tests (i-iii) obtained via AFM, with the lateral loading direction oriented 
from left to right. As expected, test (i) is essentially unaffected by the small 𝑄𝑥, with the 
residual deformation primarily the result of the normal load and pile-up distributed 
symmetrically around the contact impression in slip steps reflective of the <111> surface 
orientation. For test (ii), significant pile-up is present in the direction of 𝑄𝑥, indicative of 
additional plastic deformation. The size of residual contact impression also increases in the 
direction of loading, displaying a distinct asymmetry. AFM depth profiles extracted from Fig. 
2b and plotted in Fig. 2c further emphasize this point. Sink-in continues to increase for test (iii) 
in Fig. 2b, along with more pile-up forming at the front edge of the contact. Comparing tests 
(i) and (iii), the total interior surface area of the residual contact impression has grown from 
1.12 μm2 to 2.90 μm2, an increase of approximately 160%. An image of the residual 
deformation for a contact loaded much further still into the kinetic friction/ploughing domain 
is shown in Fig. 2d, where the rise in tip depth to a shallower, essentially constant 𝛿𝑧 during 
ploughing implied by Fig. 1c is verified. The cross-sectional width of the scratch track 
decreases during ploughing, reflective of decreasing 𝐴𝑐. We also note that the residual depth 
profile of the contact measured by AFM and the tip depth 𝛿𝑧 reported in real time by the 
indenter match very well as is shown in in Fig. 2e, indicating there is minimal elastic recovery 
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following the removal of load and that the displacements reported by the dual-axis indenter are 
representative of real displacements, both normal and lateral, at the contact.  
 
 
Figure 2. Plastic sink-in in nickel (a) Friction curves for single crystal nickel, with curves i-iii loaded 
to incrementally higher 𝑄𝑥, but insufficient to cause ploughing. (b) Corresponding AFM residual 
topography maps for indents i-iii. The lateral load is applied from left to right in the image. Scale bars 
are 1 μm. (c) Accompanying AFM height profiles taken from left to right across the centre of the images. 
(d) AFM topography map for a large scratch. 2 μm scale bar. (e) Comparison of the residual depth 
profile from (d) with the tip depth measured in-situ during lateral loading by the indenter. 
 
3.2 Plastic junction growth during static friction. 
 
In the introduction we have mentioned two possible mechanisms that contribute to the added 
sinking in of the tip into the substrate under combined loading, which represent two classic 
schools of thought regarding the influence of combined stresses on the mechanics of plastic 
contacts. First is the idea that by adding a lateral load 𝑄𝑥 to the contact, the total shear stress in 
the contact increases. Assuming a sharp, fixed plastic yield stress 𝑌0 and in the absence of 
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significant strain hardening, increasing the total shear stress at the contact must result in an 
increase in the contact area and mutual approach of the contacting bodies (sink-in.) Following 
a series of macroscopic friction experiments conducted throughout the 1950’s by researchers 
such as Courtney-Pratt and Eisner,[34], [35] this theory of plastic junction growth was put on 
rigorous footing towards the end of the decade by Tabor, who derived a relationship between 













− 1, (2) 
where 𝐴𝑐0 is the contact area resulting from conventional indentation before applying the lateral 
load 𝑄𝑥 and 𝛼 is a material and geometry dependent constant, typically on the order of 10 for 
3D contacts. Because we are able to accurately measure 𝑃𝑧, 𝑄𝑥, and the normal contact stiffness 
𝑆𝑧 directly, the two-dimensional indentation system we employ allows us to study plastic 
friction theories such as this junction growth model for the first time at the single asperity scale 
for contact radii of several hundred nanometers. We test the applicability of the junction growth 
formulation at the microscale by assuming that 𝐴𝑐 is proportional to 𝑆𝑧
2, as is done in 













− 1, (3) 






 for two contacts: the red curve represents the response of a PcAl substrate 
indented with a diamond Berkovich three-sided pyramidal tip with an equivalent cone angle of 
70.3ᵒ under a normal load of 𝑃𝑧 = 40 mN and then laterally loaded. The blue curve represents 
the same Berkovich tip loaded into fused silica to the same 𝑃𝑧. The Berkovich tip offers a 
distinct advantage over the sphero-conical geometry previously employed in that the tip is self-
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similar, meaning the state of strain experienced by the substrate should be independent of 
normal load/depth prior to lateral loading. As a consequence of this, the Berkovich tip should 
result in plastic deformation of the substrate even at the lowest loads, so long as tip rounding 
is not too severe. Returning to Fig. 3a, for both contacts the lateral load is applied in a pyramid 
‘edge forward’ fashion, rather than a pyramid 'face forward' orientation. The effective contact 
radius 𝑎𝑐0 = √𝐴𝑐0 𝜋⁄  prior to lateral loading is 2580 nm for PcAl and 680 nm for FS. From 
Fig. 3a, we see that the predicted linear relation between the two quantities suggested by 
equations 2 and 3 is indeed observed prior to ploughing, validating Tabor’s model for single 
asperity contacts. The measured values for the proportionality constant of 𝛼𝑃𝑐𝐴𝑙 = 8.5 and 
𝛼𝐹𝑆 = 4.2 are reasonable in the context of values observed for macroscopic contact pairs,[24], 
[36], [37] with the higher value for the ductile aluminium substrate suggesting higher 𝛼 
corresponds to larger junction growth and, in our case, greater sink-in of the diamond tip. We 
note the second linear region, beginning at about (𝑄𝑥 𝑃𝑧⁄ )
2 ~ 0.10 for PcAl, deviates from 
Tabor’s solution and corresponds to the tip rising out of the substrate, as was observed in Fig. 
1c. The dramatic drop in stiffness following this portion of the curve then corresponds to 
ploughing during kinetic friction. In Figs. 3b and 3c, we extend the experiment, varying the 
normal load over a range of 5 – 30 mN, corresponding to 𝑎𝑐0  values of 2815 - 6950 nm for 
PcAl in 3b and 430 - 1295 nm for FS in 3c. The value of 𝛼 for both materials appears essentially 
constant with contact size and normal load down to a few hundred nm, indicating that in this 
geometry junction growth holds as an accurate descriptor for the early stages of sheared 
contacts where the interface is composed of several thousand atoms or fewer. However, at 
shallower depths (smaller 𝑎𝑐) the departure from the junction growth model and the transition 
to ploughing occur sooner, suggesting a reduced role for plasticity in the friction of very small 




We note that in Figs. 3a and 3c for the fused silica contact, there is a small additional linear 
region that precedes which is well described by junction growth and appears reasonably 
constant in size at all 𝑎𝑐. This region corresponds to the initial, low load region of the fused 
silica lateral load versus displacement curve studied in Fig. 1f, for which there is minimal tip 
sink-in, as was shown in Fig. 1g. The origins of this seemingly elastic region whose existence 
is contrary to interpretations of plasticity that feature a fixed yield stress 𝑌0 such as those we 
have employed here are not entirely clear at present; however we speculate that is arises from 
a combination of instrumentation effects such as tip rotation upon the immediate application 
of 𝑄𝑥 and interfacial friction which may screen the bulk material from some of the added shear 
stress.[13] This region shall be the subject of a forthcoming publication. 
 
 
Figure 3. Modelling plastic sink-in as junction growth. (a) Equation 3 plotted for plastically 
deforming fused silica (blue) and aluminium (red) substrates indented and laterally loaded with a 
diamond Berkovich pyramidal indenter tip. The predicted linear slope indicates good agreement with 
Tabor’s model. (b) Junction growth curves for aluminium as a function of initial 𝑎𝑐. The slope appears 
constant with contact size and normal load, likely a result of the tip self-similarity. (c) The same 
experiment repeated for fused silica, again showing a constant slope with 𝑎𝑐. 
 
While the junction growth model outlined above initially works well for the sharp, deep 
indentation geometry imposed by the Berkovich tip in Fig. 3, we find that it fails utterly in 
describing the behaviour of ductile substrate materials in the smoother and flatter contact 
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− 1 for the contacts formed of the 1 μm radius tip and the PcAl (red) 
and FS (blue) substrates at an initial contact depth of 𝛿𝑧0 = 200 nm, as were studied in Fig. 1. 
While for the FS contact there is similarity to the junction growth behaviour observed with the 
Berkovich tip, as shown by the linear positive slip in the inset in Fig. 4a, for the PcAl contact 











~ 0.02, and prior to this point the slope is essentially 
flat. We note from the position of the orange ϕ symbol in Fig. 4a and the lateral loading curve 





drop occurs within the static friction limit, well before the 
transition to ploughing, which itself is denoted in 4a & 4b by the green asterisks. To explain 
this behaviour, we return to the second mechanism that occurs to cause tip sink-in when a 
lateral load is introduced to the contact; adding 𝑄𝑥 causes the direction of the total load vector 
applied to the contact to shift towards the direction of lateral loading. As such, material at the 
rear of the tip is unloaded, and the total contact area actually reduces. The substrate material 
located at the front of the tip now carries a much higher total load, which causes further yield 
and therefore sink-in. This hypothesis was put on sound theoretical footing by a series of slip 
line field theory studies, most notably by Johnson, for two-dimensional rigid wedges first 
indented and then laterally loaded into perfectly plastic substrates.[26] These studies explained 
sink-in via increased stress at the front of the slider rather than an increase in the total stress 
across the entirety of the contact and agree well with the experimental findings of Challen and 
Oxley, who studied a macroscopic slider loaded into a ductile aluminium substrate in a plane-
strain geometry.[27] Within this formulation we may readily explain the behaviour seen in Fig. 
4a by considering the normal stiffness of the contact, 𝑆𝑧,  as 𝑄𝑥 is increased, which is plotted 
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in Fig. 4c for PcAl. Following an initial region where the stiffness is essentially constant, at 
𝑄𝑥 = 0.1 mN 𝑆𝑧 drops by over half its initial value from 95,000 N/m to just over 40,000 N/m. 
This stiffness drop corresponds to the reduction in contact area as the back side of the tip is 
unloaded. 𝑆𝑧 then begins to gradually increase from 40,000 N/m to 60,000 N/m at 𝑄𝑥 = 0.35 
mN. This increase is due to the tip sinking in as material toward the front of the tip yields and 
the contact area again begins to increase before steady ploughing is established. 
 The behaviour of the FS contact can also be explained with this model. As is seen in Fig. 4d, 
the lateral stiffness 𝑆𝑧 increases for FS during lateral loading, giving a behaviour in Fig. 4a that 
resembles the junction growth behaviour of Fig. 3. Upon applying 𝑄𝑥, the rear side of the tip 
is unloaded as in the case of PcAl. However, the low 𝐸/𝐻 ratio allows for more elastic recovery 
of substrate material at this side of the tip, which is absent in the more plastic aluminium. This 
elastic recovery keeps material at the rear in contact in the tip, meaning the total contact area, 
and therefore stiffness, increases, despite less plastic yielding and sinking-in occurring.[38] 
The different behaviours of a high and low 𝐸/𝐻 material in this geometry are outlined 
schematically in Fig. 4e, where the dashed red line schematically indicates the position of the 
tip prior to applying 𝑄𝑥. In considering the two mechanical models presented in Figs. 3 and 4 
and when they are accurate descriptors of plastic static friction, we would suggest they both 
represent limiting cases. Junction growth is an applicable model in the case of sharp, deep 
indentation geometries where the tip is well embedded in the substrate and therefore more 
constrained by material around it. In this scenario the contact approximates the welded plastic 
junctions studied by Tabor and co-workers.[24], [36] For flatter, more shallow contacts 
however, where tip is less embedded into the surface, the stress concentration model is more 
appropriate, depending on the substrate material properties. The 2D slip line field formulation 
makes some account for this fact by incorporating a 𝑡𝑎𝑛(𝜗) dependency for the cessation of 
sink-in, where 𝜗 is the included angle of the wedge. As such, sharper wedges (small 𝜗) are 
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subject to more sink-in than blunter ones, generally in keeping with our findings. Given both 
models were developed for a perfectly plastic constitutive response, it is not surprising that for 
real contacts, deviation from both emerges as a result not only of geometric factors, but also 
due to the elastic properties of the substrate. 
 
Figure 4. Failure of junction growth model for sphero-conical tips. (a) Equation 3 plotted for FS 
and PcAl contacts indented to 𝛿𝑧0 = 200 𝑛𝑚 with the 1 μm radius sphero-conical tip. Inset shows 
zoom-in of early loading behaviour. (b) Lateral load versus displacement curves for PcAl and FS 
showing positions of interest relating to (a). (c) Normal contact stiffness 𝑆𝑧 as a function of lateral load 
for PcAl contact. (d) Equivalent curve for FS. (e) Schematic of how elastic recovery affects total contact 
area, and therefore 𝑆𝑧, for high and low 𝐸/𝐻 substrates. 
 
The results of Fig. 4 suggest that for plastic single asperity contacts, friction is determined not 
by the total area of contact, as implied by equation 1, but rather the contact area at the front of 
the tip in the direction of sliding. While this line of thinking is commonly employed to describe 
the behaviour of ploughing contacts in nano-scratch testing,[15], [39] it has not generally been 
applied to the early, transient stages of multi-axial loading. This is likely a result of the fact 
that conventional nano-scratch apparatuses operate in a displacement-controlled manner, 
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making detailed study of the static friction regime rather challenging.[40] To confirm this 
interpretation and verify that the increase in 𝑆𝑧 (and therefore 𝐴𝑐) for the FS contact but not 
for PcAl in Fig. 4 arises from elastic recovery due to its lower 𝐸/𝐻, we conduct a series of 
finite element simulations of a rigid 2D cylindrical slider of 1 μm radius indented and then 
laterally loaded into elastic – perfectly plastic half-spaces. Using the ABAQUS 2019 Explicit 
FEA package (Dassault Systemès), we indent the slider to a depth of 𝛿𝑧0 = 200 nm and, as in 
our experiments, then hold the normal load 𝑃𝑧 constant during the remainder of the test. The 
slider is then displaced laterally by 1.5 μm at a constant velocity of 0.6 μm/s. This method is 
chosen over applying a prescribed lateral loading rate 𝑄?̇? as in our experiment due to greater 
numerical stability. An elastic modulus of 10 GPa and a Poisson’s ratio of 0.3 is used for the 
half-space in all simulations, while plastic yield is modelled using a Von Mises yield stress 𝑌0. 
Three values of 𝑌0 are used; 𝑌0 = 0.6, 0.3, and 0.15 GPa. Assuming hardness to be related to 
the yield stress via Tabor’s relation, 𝐻~𝐶𝑌, where C is a constant approximately equal to 3 for 
ductile metals,[26] these values give 𝐸/𝐻 ratios of 5.56, 11.1, and 22.2 respectively. These 
values are quite low and are more representative of the fused silica contact rather than the metal 
but were chosen as they generated greater simulation stability than lower values of 𝑌0. The 
surface interaction between the slider and half-space is specified to be frictionless, so that all 
resistance to sliding originates from substrate deformation rather than interfacial effects. Fig. 
5a shows a close-up of the contact geometry (the half-space is much larger than shown here, 
see methods) at the early stages of lateral displacement for the 𝐸/𝐻 = 11.1 simulation. The 
colour scheme represents von Mises stress contours. Fig. 5b shows the same simulation at a 
more developed stage, where it is observed that the depth of the slider into the substrate had 
increased. Fig. 5c plots the measured friction force 𝜇, taken to be the force required to displace 
the slider laterally divided by the constant normal load, as a function of 𝛿𝑥. As expected, Fig. 
5c shows that more ductile, higher 𝐸/𝐻 materials experience greater friction. Fig. 5d plots the 
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increase in slider depth during lateral displacement, with the more ductile materials subject to 
greater plastic sink-in, in accordance with the experimental findings of Figures 1 and 2. In Fig. 
5e, we plot the normalised contact area 𝐴𝑐 𝐴𝑐0⁄  for the three half-spaces and observe that in all 
three cases there is an increase in contact area at very small 𝛿𝑥, likely due to additional plastic 
yielding via the junction growth mechanism. For the 𝐸/𝐻 = 22.2 and 𝐸/𝐻 = 11.1 materials, 
this increase is small, approximately 1% of the initial 𝐴𝑐, and quickly subsides as the rear of 
the slider is unloaded. For the less ductile 𝐸/𝐻 = 5.56 material, however, despite significantly 
less plastic yield as evidenced by less sink-in in Fig. 5d, the 𝐴𝑐 increase is much larger at 
approximately 6% of the initial value and persists much longer. The validates our interpretation 
of the experimental findings of Fig. 4, where the disparity in the stiffness behaviour of the FS 
and PcAl contacts is attributed to the vastly different 𝐸/𝐻 of the two materials. Further, these 
findings show that total contact area is not necessarily as good an indicator of the friction 
resisting sliding of a plastically deforming microcontact as it is for an elastically deforming 
one, since material in the path of the tip is more important than material towards the rear. Given 
the experimental findings of Figure 1 and the simulations of Figure 5, we suggest tip sink-in to 




Figure 5. Finite element simulations of lateral loading experiments. (a) Schematic of the 1 μm radius 
two-dimensional rigid slider indented and laterally loaded into an elastic – plastic half space with 𝐸/𝐻 
= 11.1. Colour contours represent the Mises stress. (b) The same simulation at a greater lateral 
displacement. (c) Simulation friction curves for three 𝐸/𝐻 values. (d) Tip sink-in as a function of lateral 
displacement. (e) Total contact area between slider and substrate during lateral displacement. Despite 
less plastic sink-in, the lowest 𝐸/𝐻 material sees the largest increase in 𝐴𝑐 due to elastic recovery at 
the tip rear. 
 
3.3 Interface slip and the transition to ploughing. 
 
To this point we have described how sink-in of the tip leads to a greater static coefficient of 
friction than kinetic. However, the origins of the transition between the static domain where 
the depth of the tip into the substrate increases and the kinetic steady ploughing domain where 
the tip depth is essentially constant is not yet clear. In the slip line field theory formulation, the 
2D wedge continues to sink into the surface until the pressure on the rear face of the tip reaches 
zero (i.e., the rear face is totally unloaded), at which point the wedge begins to ride up out of 
the substrate.[26], [27] In this highly simplified model, this occurs when the lateral load 
becomes 𝑄𝑥 = 𝑃𝑧 tan(𝜗). However, this implies a transition between static and kinetic 
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coefficient states with no friction drop, i.e. 𝜇𝑠 = 𝜇𝑘, which is at odds with our observations in 
nickel and aluminium. When formulating his junction growth model, Tabor suggested the 
transition from local yield to ploughing was in practice mediated by shear failure of an 
interfacial layer composed of third body contaminants such as oxide layers, adsorbed 
hydrocarbons, and water menisci.[24] This idea was initially proposed to explain why 
experiments conducted under high vacuum exhibited much more junction growth than those 
conducted in ambient conditions, with values of 𝜇 ~ 100 routinely recorded in the former. The 
aforementioned experiments of Challen and Oxley also highlight the importance of third body 
lubricants and adsorbed materials, with a large friction drop (𝜇𝑠 > 𝜇𝑘) observed in the cases of 
dry or poorly lubricated contacts, whereas 𝜇𝑠 ~ 𝜇𝑘 in the presence of a well-matched boundary 
lubricant.[27] Tabor’s concept is supported by modern molecular dynamics studies of single 
asperity friction showing that static friction between incommensurate lattices emerges only 
when a layer of hydrocarbons is present between the two contact bodies.[9] The experiments 
of Homola also make clear the critical role of thin interfacial layers,[17] as does more recent 
work of Li et al. on the friction of layered two-dimensional materials.[41] Further, such layers 
can affect mechanical properties of the deformed volume such as hardness.[42] Should the 
failure of interfacial layers enable the transition from static to kinetic friction in elastically 
deforming systems, and given they are observed to be important in plastic wedges[27], it is 
eminently reasonable to conclude they may play a similar role in mediating the transition from 
sink-in to ploughing in the plastic contacts we study here. To explore this, in Figure 6 we 
compare the tip depth 𝛿𝑧 during lateral loading to the lateral CSM lock-in amplifier phase 
angle, 𝜃𝑥. In both nanoindentation and atomic force microscopy, the phase angle is a powerful 
indicator of energy dissipation, increasing significantly as more and more energy is lost to 
dissipative mechanisms, and is consequently used to track dissipative processes in adhesion, 
plasticity, and slip.[23], [31], [43] Fig. 6a plots 𝛿𝑧 and 𝜃𝑥 versus lateral displacement 𝛿𝑥 for the 
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ScNi <111> contact studied in Figures 1 and 2. During the portion of Fig. 6a where the tip 
sinks in, 𝜃𝑥 increases steadily, most likely the result of the additional plasticity generated by 
𝑄𝑥. At 𝛿𝑥 = 0.75 μm, the slope of 𝜃𝑥 abruptly increases, indicative of the commencement of an 
additional energy dissipating process. The phase angle increase coincides with the point at 
which the tip begins to rise out of the surface. This indicates that the transition from sink-in to 
ploughing is mediated by initiation of a secondary dissipative process, which is likely to be the 
interface failure and relative sliding of interface molecules. Fig. 6b presents similar data for the 
fused silica contact. We note that in this case, 𝜃𝑥 has a reasonably constant non-zero value 
before the rapid increase at interface failure, likely a result of less additional plasticity under 
shear loading than the more ductile nickel. In other respects, however, the behaviours of the 
two materials are similar. 
 
Figure 6. Phase angle behaviour during lateral loading. (a) Plots of lateral CSM phase angle 𝜃𝑥 
(yellow) and tip depth into the surface (purple) for the ScNi contact studied in Figure 1. The transition 
from tip sink-in to rising out corresponds with a dramatic increase in 𝜃𝑥, indicating more energy 
dissipation. (b) Equivalent curves for the FS contact showing similar behaviour. 
 
As a result of the large normal pressures we have imposed in our experiments, the friction of 
the contacts studied thus far in this paper in the earliest stages of lateral motion after indentation 
has largely been dominated by plastic deformation of the substrate. Under lower pressures, 
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however, the elastic interfacial behaviour common to AFM and SFA experiments may be 
reproduced. We demonstrate this in Figure 7, where we additionally employ a 5 μm radius 
sphero-conical indenter, which enables us to probe lower contact pressures than either the 
Berkovich or 1 μm radius tips at equivalent normal loads. The three geometries are compared 
in Fig. 7a. Fig. 7b shows friction curves for the three tips indented and laterally loaded into FS 
under normal loads of 3 mN for the 5 μm tip, 5.6 mN for the 1 μm tip, and 50 mN for the 
Berkovich tip. These correspond to respective mean normal pressures of 4.25 GPa, 10 GPa, 
and 9.2 GPa. Fused silica was chosen for this experiment over the metals due to its higher 
hardness ensuring a larger and more experimentally accessible elastic region. Conventional 
load versus depth indentation curves are included in the supplement to show the 5 μm tip 
contact is elastic while the other two are plastic or elastic-plastic at these normal loads. Despite 
the differences in contact geometry, the shape of the 1 μm radius and Berkovich tips’ friction 
curves are broadly similar, with a slope change at 𝜇 ~ 0.08 corresponding to the initiation of 
sink-in and then a second slope change as the contact transitions to ploughing. However, in the 
case of the elastic contact formed with the 5 μm tip, the sink-in region of the curve is absent, 
with a single-step transition to sliding at 𝜇 ~ 0.08. In Fig. 7c we confirm that no significant 
plasticity is generated during sliding for the contact formed with the 5 μm tip by plotting the 
depth of the tips 𝛿𝑧 normalized to the initial tip depth before lateral loading 𝛿𝑧0 for the three 
contacts in 7c. No sinking-in is observed for the elastic contact, whereas for the plastic contacts 
a sink-in of 5 – 10% occurs. For the elastic contact, resistance to sliding arises from physical 
phenomena located at the contact. To shear, the interface adhesion and chemical bonding have 
to be overcome.[6], [13], [20] The striking result of Figs. 7b & 7c is that for the plastic contacts, 
these contributors to frictional resistance occur at approximately the same 𝜇 =
𝑄𝑥
𝑃𝑧
⁄  ~ 0.08. 
Not only does this imply these effects scale reasonably linearly with 𝑃𝑧 for the fused 
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silica/diamond contacts considered, but also demonstrates the additional frictional resistance 
introduced by plastic deformation can be clearly identified over these interface effects, and its 
influence studied in isolation. In Fig. 7d we show the distinctive shape of the lateral loading 
curve for plastic contacts is a function of normal load 𝑃𝑧 rather than exclusively tip geometry 
by performing scratch tests with the 1 μm radius tip into FS under normal loads ranging from 
0.25 – 6 mN, covering the elastic, elastic-plastic, and fully plastic regimes. Again, 
accompanying conventional nanoindentation load – displacement curves for the normal loads 
used in fig. 7d are included in the supplement so as to verify which contacts are elastic and 
plastic prior to lateral loading. Fig. 7d shows the second slope region associated with sink-in 
decreases in size at lower 𝑃𝑧 and that at the lowest 𝑃𝑧 = 0.25 mN elastic behaviour similar to 
that encountered in fig. 7b with the larger tip is recovered. This transition from plastic or elastic-
plastic scratching/ploughing at high 𝑃𝑧 to wearless sliding at lower loads is also captured in the 
lateral phase angle 𝜃𝑥, which is plotted in Fig. 7e for four of the experiments of Fig. 7d (same 
colour scheme.) For the high load scratching experiments, the same plateau associated with the 
sink-in regime is observed before the transition to sliding. However this region decreases in 
size as 𝑃𝑧 is reduced and is entirely absent from the 𝑃𝑧 = 0.25 mN curve. In short, at low loads 
and a sufficiently near to flat contact geometry, sliding takes place directly upon application of 
lateral load. Increasing contact indentation causes an initial region of plastic deformation and 
lower energy dissipation; the transition to full sliding is increasingly delayed the larger the 
initial indent. We may say with some degree of confidence that the geometries and methods 
employed here to study plastically deforming single asperity contacts at lower loads and larger 
tip radii are able to replicate the elastic, largely wearless, interfacial sliding experiments typical 
of SFA and AFM studies. They therefore serve as an important bridge between the world of 
laboratory-based micro/nanotribology experiments and conventional plasticity-dominated 





Figure 7. Recovery of elastic interface sliding at low load. (a) Contact geometries studied in this 
work. (b) Friction curves in FS for the 1 μm radius tip and Berkovich tip in the plastic limit, as well as 
the 5 μm radius tip in the elastic limit. (c) Relative tip depth as a function of lateral displacement for 
the three contacts. No sink-in is observed for the elastic contact. (d) Lateral load versus displacement 
curves taken with the 1 μm radius tip in FS at a series of different loads. The shape of the curve changes 
notably at lower loads, approaching that of the elastic curve in (b). (e) Lateral phase angle for 4 curves 




The past 30 years have witnessed a great increase in our understanding of friction at small 
scales. Advances in instrumentation have led to the discovery of novel phenomena such as 
structural superlubricity and atomic scale stick-slip motion,[8], [44] while improvements in 
computational power have enabled detailed molecular dynamics simulations shedding new 
light on the physics of tribological interfaces.[45] Until now, however, there has been a dearth 
of experimental data on the frictional properties of plastically forming single asperity contacts, 
particularly in the very early stages of lateral loading. Connecting the seemingly disparate 
worlds of laboratory based small scale tribology with macroscopic friction, where asperity 
26 
 
friction plays a prominent role, requires experiments such as ours that incorporate high normal 
pressures while retaining some of the high precision and accuracy seen in SFA or AFM studies.  
The results of this paper indicate the following. The additional plastic deformation and sink-in 
caused by increased stress in the contact plays a critical role in setting the static coefficient of 
friction. The transition from static sink-in to kinetic ploughing is driven by failure of the 
interface and hence by adsorbates on the surfaces. It is also affected by the angle at the indent 
edge. We find that the E/H ratio (or the inverse, the yield strain ~ H/E) determines both the 
initial lateral deformation and the nature of the transition to full sliding. These results shed new 
light on the interaction between interface friction and bulk plasticity and may help to inform 
future studies linking friction at different scales. 
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